meostasis by excreting the net excess of acid in urine (23) . This is achieved by three main processes: 1) the reabsorption of filtered bicarbonate, 2) the excretion of acids/protons, and 3) the synthesis of ammonia and use of ammonia, phosphate, and citrate as titratable acids increasing the kidneys' ability to excrete protons. These processes take place in different segments of the nephron and are precisely regulated and coordinated (23) .
Disturbances in acid-base balance lead to and require an adaptive increase in renal acid excretion that involves activation and/or regulation of various pathways (16) . These pathways include increased ammoniagenesis, changes in electrolyte and water handling, excretion of titratable acids, increased synthesis of bicarbonate, stimulation of proton secretion, and also extensive remodeling of the nephron with cellular hypertrophy of various nephron segments (16) .
However, these adaptive changes are only partially understood. Two recent publications employed different experimental approaches to identify changes in renal gene or protein expression in chronically acidotic animals. Cheval and colleagues (12) searched for altered transcripts in the mouse outer medullary collecting duct using serial analysis of gene expression (SAGE), whereas Curthoys et al. (15) applied two-dimensional gel electrophoresis and subsequent mass spectroscopy to detect altered protein expression in rat proximal tubules after acidosis. Here, we used microarray-based gene expression profiling as an alternative approach to perform a genome-wide analysis of altered transcripts in response to acute (2 days) and chronic (7 days) metabolic acidosis in mouse kidneys. Our data demonstrate a massive regulation of various transcripts after 2 days of NH 4 Cl-loading with most genes returning to normal levels after 7 days. Several pathways including ammoniagenesis, oxidative phosphorylation, and general transport processes were highly overrepresented. Furthermore, gene regulation was spatially and temporally regulated in dissected early and late proximal tubules. Thus, our data suggest a concerted, spatially and temporally regulated, response of the kidney to systemic metabolic acidosis that may contribute to the kidneys' ability to restore systemic acid-base balance.
only 2% sucrose in drinking water. All animals were adapted to metabolic cages for 3 days before data collection. Forty-eight hours before death, mice were housed in metabolic cages and had free access to standard mouse chow and drinking water. Daily chow, water intake, and body weights were measured, and urine was collected under mineral oil. At the end of the experiment, mice were anesthetized, and heparinized venous blood was collected and analyzed immediately for pH, blood gases, and electrolytes on a Radiometer ABL 505 (Radiometer, Copenhagen, Denmark) blood gas analyzer. Serum was collected and frozen until further analysis. Both kidneys were harvested, immediately frozen in liquid nitrogen, and stored at Ϫ80°C until mRNA extraction.
Urinary pH was measured using a pH microelectrode (691 pHmeter, Metroholm). Urinary creatinine was measured by the Jaffe method (42) . Ammonium in urine was measured by the method of Berthelot (5) . Urinary and serum phosphate was measured using a commercial kit (Sigma Diagnostics, Munich, Germany). Urinary electrolytes (Na ϩ , K ϩ , Ca 2ϩ , Mg 2ϩ , Cl Ϫ , SO 4 2Ϫ ) were measured by ion chromatography (Metrohm ion chromatograph, Herisau, Switzerland).
Preparation of isolated proximal tubule segments. Control animals received 2% sucrose in their drinking water for 2 days, whereas the acidotic group received 0.28 M NH4Cl plus 2% sucrose in their drinking water for 2 days. Animals were otherwise housed in standard cages and had free access to standard rodent chow. Mice were anesthetized and perfused through the left heart ventricle with 20 ml of a solution containing 140 mM sucrose, 28 mM Na2HPO4, and 112 mM NaH 2PO4. Kidneys were immediately removed, the capsule removed, and thin coronal slices containing both cortex and medulla were prepared. The inner medulla was removed. The tissue was dissected under a stereo microscope at 4°C using two fine forceps (Dumont no. 5). The total number of 50 S1 and S2 segments, followed by 50 S3 segments, was collected and placed in 300 l RLT-Buffer (Qiagen, Basel, Switzerland) containing 3 l 2-mercaptoethanol. S1/S2 and S3 segments of proximal tubules were dissected separately from six controls and six acidotic animals. Collected tissue was immediately frozen at Ϫ80°C until mRNA extraction.
RNA extraction from total kidney. Snap-frozen kidneys (10 kidneys for each condition) were homogenized in RLT-Buffer (Qiagen) supplemented with 2-mercaptoethanol to a final concentration of 1%. Total RNA was extracted from 200 l aliquots of each homogenized sample using the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Quality and concentration of the isolated RNA preparations were analyzed by electrophoresis and spectroscopically using the 2100 Bioanalyzer (Agilent Technologies) and the ND-1000 spectrophotometer (NanoDrop Technologies), respectively. Total RNA samples were stored at Ϫ80°C.
RNA extraction from microdissected nephron segments. After thawing on ice, each sample was vortexed and total RNA was extracted using the RNeasy Micro Kit (Qiagen) according to the manufacturer's instructions. Quality and concentration of the isolated RNA preparations were analyzed using the ND-1000 spectrophotometer (NanoDrop Technologies). Total RNA samples were stored at Ϫ80°C.
Quantitative real-time PCR. Each RNA sample was diluted to 100 ng/l, and 3 l was used as a template for reverse transcription using the TaqMan Reverse Transcription Kit (Applied Biosystems, Forster City, CA). Quantitative real-time (qRT-PCR) was performed on the ABI PRISM 7700 Sequence Detection System (Applied Biosystems). Primers for all genes of interest were designed using Primer Express from Applied Biosystems (Supplementary Table S1 ). 1 Probes were labeled with the reporter dye FAM at the 5Ј end and the quencher dye TAMRA at the 3Ј end (Microsynth, Balgach, Switzerland). The specificity of all primers was first tested in a standard PCR and always resulted in a single product of the expected size on 1% agarose gels (data not shown). Real-time PCR reactions were performed using the TaqMan Universal PCR Master Mix (Applied Biosystems). Briefly, 3.5 l cDNA, 1 l of each primer (25 M), 0.5 l labeled probe (5 M), 6.5 l RNase-free water, 12.5 l TaqMan Universal PCR Master Mix reached 25 l of final reaction volume. Reaction conditions were: denaturation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s and annealing/elongation at 60°C for 60 s with autoramp time. All reactions were run in duplicate. To analyze the data, we set the threshold to 0.06 as this value had been determined to be in the linear range of the amplification curves for all mRNAs in all experimental runs. The expression of gene of interest was calculated in relation to hypoxanthine guanine phosphoribosyl transferase (HPRT) or ␤-actin. Relative expression ratios were calculated as R ϭ 2
[Ct(HPRT/␤-actin)ϪCt(test gene)] , where Ct represents the cycle number at the threshold 0.06.
Labeling of cRNA, microarray hybridization, and image processing. Digoxigenin (DIG)-UTP-labeled cRNA was generated and linearly amplified from total RNA using the Nano Amp RT-IVT Labeling Kit (Applied Biosystems) and the manufacturer's protocol. Briefly, 1 g of total RNA was used to perform the 1st-and 2nd-strand synthesis of cDNA. The purified cDNA was transcribed in vitro in presence of 200 nM DIG-11 UTP to produce DIG-labeled cRNA, followed by purification. The quality and amount of labeled cRNA were assessed with the Agilent 2100 Bioanalyzer and the ND-1000 spectrophotometer, respectively. Labeled cRNA preparations were hybridized to mouse microarrays (Mouse Genome Survey Microarray, 33,148 features; Applied Biosystems). Microarray hybridization, chemiluminescence detection, image acquisition, and analysis were performed using the Applied Biosystems Chemiluminescence Detection Kit and Applied Biosystems 1700 Chemiluminescent Microarray Analyzer following the manufacturer's protocols. Each microarray was first prehybridized at 55°C for 1 h in hybridization buffer with blocking agent. The DIG-labeled cRNA targets (20 g) were first fragmented to 100 -400 bases by incubation with fragmentation buffer at 60°C for 30 min, mixed with internal control target (ICT, 24-mer oligo labeled with LIZ fluorescent dye), and hybridized to each prehybridized microarray in 1.5-ml volume at 55°C for 16 h using an Minitron Incubator Shaker (Infors HT). After hybridization, the microarrays were washed with hybridization wash buffer and chemiluminescence rinse buffer. Enhanced chemiluminescent signals were generated by first incubating the microarrays with antidigoxigenin Fab fragment antibodies coupled to alkaline phosphatase (150 U, Roche Applied Science) for 20 min, then washing with Chemiluminescence Enhancing Solution, and finally adding Chemiluminescence Substrate. Images were collected for each microarray using Applied Biosystems 1700 Chemiluminescent Microarray Analyzer. Images were autogridded, and the chemiluminescent signals were quantified, corrected for background, and spatially normalized using the Expression Array System Analyzer Software Version 1.1.1 (Applied Biosystems).
Membrane preparation and western blot analysis. Mice were anesthetized with ketamine-xylazine intraperitoneally, and kidneys were removed and rapidly frozen in liquid nitrogen. For total membranes isolation kidneys were homogenized in an ice-cold K-HEPES buffer (200 mM mannitol, 80 mM K-HEPES, 41 mM KOH, pH 7.5) with pepstatin, leupeptin, K-EDTA, and phenylmethylsulfonyl fluoride as protease inhibitors. Samples were centrifuged at 1,000 g for 10 min at 4°C, and the supernatant was saved. Subsequently, the supernatant was centrifuged at 41'000 g for 1 h at 4°C, and the pellet was resuspended in K-HEPES buffer containing protease inhibitors. Brush border membranes (BBM) were prepared as described previously using the Mg 2ϩ -precipitation technique (6) . After measurement of the total protein concentration (Bio-Rad, Hercules, CA), 50 g of crude membrane proteins or 10 g of BBM proteins were solubilized in Laemmli sample buffer, and SDS-PAGE was performed on 10% polyacrylamide gels. For immunoblotting, the proteins were transferred electrophoretically to polyvinylidene fluoride membranes (Immobilon-P; Millipore, Bedford, MA). After blocking with 5% milk powder in Tris-buffered saline/0.1% Tween-20 for 60 min, the blots were incubated with the primary antibodies and mouse monoclonal anti-␤-actin antibody (42 kDa; Sigma, St. Louis, MO) 1:5,000 either for 2 h at room temperature or overnight at 4°C. The primary antibodies were: rabbit anti-mouse NHE3 (1:5,000) (generated against a KLH-linked peptide, Pineda Antibody Services, Berlin, Germany), rabbit anti-mouse SNAT3 previously described (32) , rabbit antiaquaporin 2 (1:5,000) (kindly provided by J. Loffing, University of Fribourg, Switzerland), rabbit anti-pendrin (1:5,000). The membranes were then washed three times, blocked for 1 h, and again incubated for 1 h at room temperature with the secondary goat anti-rabbit or donkey anti-goat antibodies (1:5,000) linked to alkaline phosphatase (Promega). The protein signal was detected with the CDP Star chemiluminescence system (Roche Diagnostics, Basel, Switzerland) using the DIANA III-chemiluminescence detection system (Raytest, Straubenhardt, Germany). All images were analyzed using appropriate software (Advanced Image Data Analyser AIDA, Raytest) to calculate the protein of interest/actin ratio.
Microarray data analysis. RNA samples (four biological replicates per condition) were transcribed into DIG-labeled cRNAs and hybridized to Mouse Genome Survey Arrays (32,996 probes representing 32,389 curated genes) from Applied Biosystems. The arrays were scanned and quantified using Expression Array System Analyzer Software Version 1.1.1 (Applied Biosystems). Intensity readouts were normalized across arrays with Bioconductor's vsn package (24) . Genes were defined as present and used in the subsequent analysis if they satisfied the intensity threshold of 2,000 in all four replicates of at least one condition. Among the present genes, the differentially expressed ones were identified by applying Student's t-test to the log-intensity data. For the significant genes fold-changes between the treated and untreated conditions were also computed on log-intensity data.
Hierarchical clustering. Clustering was performed using Gene Spring GX Version 7.3 software (Agilent Technologies). Microarray data were normalized by dividing the expression values of each gene by the median of its expression values across all samples. To remove genes that do not show significant expression changes, we first applied a one-way ANOVA analysis to select among the present genes only those that showed a significant variation across the time points (P value threshold: 0.05). The selected genes were then clustered using Spearman correlation as distance measure and the average linkage algorithm for merging clusters.
Identification of genes and biological processes involved in kidney adaptation to metabolic acidosis. PANTHER (Protein ANalysis THrough Evolutionary Relationships) Classification System (1) (http://www.pantherdb.org) was used to classify significantly regulated transcripts. Pathway analysis of significantly regulated genes was performed using MetaCore (GeneGo, St. Joseph, MI) and WebGestalt toolkit (http://bioinfo.vanderbilt.edu/webgestalt). MetaCore is a web-based software suite for functional analysis of experimental data based on a manually curated database of human proteinprotein, protein-DNA and protein compound interactions, and metabolic and signaling pathways. Gene Ontology (GO) annotations were used as indicators of biological function. Associations with GO biological process, molecular function, and cellular component groups were obtained through MetaCore. WebGestalt includes information from Kyoto Encyclopedia of Genes and Genomes (KEGG) database and organizes genes based on the KEGG biochemical pathway.
Statistical analysis. Results are expressed as means Ϯ SE. All data were tested for significance using ANOVA and unpaired Student's test where appropriate. Only values with P Ͻ 0.05 were considered as significant.
RESULTS
Acid-base status of animals. Animals were given 0.28 M NH 4 Cl with 2% sucrose in the drinking water for the 48 h or 7 days to induce metabolic acidosis. The control group received only 2% sucrose in the drinking water for 2 or 7 days. This treatment has been previously shown to induce metabolic acidosis (32, 45) . As we did not detect any difference in the 2-or 7-day control groups, all data were subsequently pooled. Blood and urine samples were analyzed to monitor systemic acid-base status and renal acid excretion ( Table 1) .
Addition of 0.28 M NH 4 Cl to the drinking water resulted in metabolic acidosis in both treated groups as was evident from the reduction of blood pH and bicarbonate levels and increase in chloride and sodium concentrations ( Table 1) . Potassium levels remained unchanged. As expected, urine pH values of both treated groups were more acidic compared with the control group, and urinary ammonium excretion was increased accordingly. Urine output was significantly reduced in both treated groups. Thus, the treatment with NH 4 Cl resulted in the expected hyperchloremic metabolic acidosis and its consequences.
Genome-wide comparison of renal gene expression profiles of control and acidotic mice reveals large number of differentially regulated genes. Transcriptional changes in the total kidney during metabolic acidosis were investigated by genome-wide gene expression profiling using Applied Biosystems Mouse Genome Survey Arrays (32,996 probes representing 32,389 curated genes that target 44,498 transcripts). In a first step, changes in the expression of SNAT3 (Slc38a3) and Summary of blood and urine data from mice receiving 0.28 M NH4Cl plus 2% sucrose in drinking water for 2 or 7 days or only 2% sucrose (control group); n ϭ 10 per group. Urinary excretion was normalized against creatinine (crea). BW, body weight; ns, not significant. *P Ͻ 0.05, †P Ͻ 0.01, ‡P Ͻ 0.001. PEPCK, two genes known to be upregulated in mouse kidney during metabolic acidosis (32) , were tested using quantitative real-time PCR. As expected, SNAT3 and PEPCK mRNA levels were elevated three-to fourfold after 2 and 7 days (data not shown). Subsequently, four animals from each group with the highest degree of similarity in terms of SNAT3 and PEPCK expression were selected for microarray analysis. In the 12 samples hybridized on the microarrays (four biological replicates per condition) we detected a total of 12,984 genes (40% of the total number present on the array) expressed in kidneys of all groups of mice. We found that 4,075 transcripts were significantly (P Ͻ 0.05) regulated in response to the acid load after 2 and/or 7 days (Supplementary Tables S2 and S3 ). The majority of transcripts (3,070) responded only to 2 days NH 4 Cl treatment, and only 322 responded exclusively to the chronic acid load (7 days). Out of the 3,070 genes acutely regulated, 1,475 were upregulated (69 with fold change Ն2) and 1,595 were downregulated (108 with fold change Յ2). Out of the 322 genes regulated only after 7 days treatment, 142 were upregulated (7 with fold change Ն2) and 180 were downregulated (3 with fold change Յ2). We found that 675 transcripts were similarly regulated in response to acute and chronic acid load. Moreover, 333 genes were consistently upregulated and 342 were downregulated. Seven transcripts showed decreased expression after 2 days acidosis and increased expression after 7 days. Only one gene coding for fucosyltransferase 11 (Fut11) was upregulated after 2 days and downregulated after 7 days. Selected genes affected by 2 and/or 7 days of NH 4 Cl-loading are listed in Tables 2-5 .
Pathway analysis. Pathway analysis using two different web-based softwares (MetaCore and WebGestalt) revealed that the most affected pathway in acidotic mice was oxidative phosphorylation (41 upregulated genes assigned to KEGG "mmu00190" pathway; 35 upregulated genes assigned to MetaCore's metabolic map "oxidative phosphorylation pathway"). As expected, in acid-loaded animals we found upregulation of a number of genes coding for enzymes and transporters important for ammonia synthesis (SNAT3, PDG, PEPCK, Glud1). Interestingly, increased ammoniagenesis was concomitant with activation of the TCA (tricarboxylic acid) cycle pathway (10 upregulated and 2 downregulated genes assigned to KEGG "mmu00020" pathway) and glycolysis/gluconeogenesis pathway (8 upregulated and 5 downregulated genes assigned to KEGG "mmu00010" pathway).
The largest group of transcripts affected by metabolic acidosis encoded solute carrier (Slc) transporters (62 genes downregulated, 35 genes upregulated). Monocarboxylic acid transporters (Slc16 family) and mitochondrial carriers (Slc25 family) were the most represented with 13 and 16 genes significantly regulated after 2 and/or 7 days of acidloading, respectively.
Co-regulated gene clusters. Hierarchical clustering (17) was performed on 4,389 acidosis-responsive genes obtained after one-way ANOVA test. This allowed the identification of at least six distinct clusters of genes sharing similar expression profiles across the three experimental conditions (Fig. 1) . Most genes were either found in cluster 1 or 3. Genes of cluster 1 were upregulated more than twofold after 2 days and less than twofold after 7 days of metabolic acidosis (Fig. 1 ). This cluster included 1,278 genes, which encode gene products mainly involved in glutamine and glutamate metabolism: glutamate dehydrogenase 1 (Gluld1), glutamine transporter SNAT3 (Slc38a3), asparagine synthetase (Asns), glutamatecysteine ligase (Gclm), guanine nucleotide binding protein, alpha 11 (Gna11), citrate synthase (Cs), glycolytic pathway, and ATP synthesis (hexokinase, phosphor-fructo-kinase, ATP synthase, NADH dehydrogenase, cytochrome c) (Supplementary Table S5 ). These findings are in good accordance with the observed increased utilization of glutamine, lactate, and citrate to generate ammonia and ATP during kidney metabolic acidosis. The increased production of ATP may be used to reabsorb sodium in the proximal convoluted tubule either during acute or chronic acidosis (22) . Cluster 3 contains 2,044 genes, whose expression levels were induced (Ͼ2-fold) after 2 days but returned to control levels during chronic acid load (Fig. 1) . These genes, were mainly represented by genes encoding cytoskeletal proteins (␣-tubulin, destrin), solute carrier transporters (mainly sodium and glutamate transporters), transcription factors (Foxp4, Foxp1, Wt1, Krüppel-like factors 5 and 7), chloride transporting proteins: chloride channel 3 (Clcn3), potassium/chloride transporter KCC3 (Slc12a4), and TGF-␤ and Wnt signaling molecules: MAD homolog 7 (Smad7), frizzled homolog 2 (Fzd2) (Supplementary Table S7) .
Interestingly, only a small group of transcripts (214 genes) showed a late response with increased gene expression levels after 7 days of NH 4 Cl loading (cluster 2, Fig. 1) . Cluster 2 includes, along with signaling molecules of the small GTPase family and G protein signaling pathway, genes encoding cytoskeleton and Wnt signaling modulators such as the mammalian counterpart of Drosophila pygopus1 (Supplementary Table S6). Of note, the recently identified (Na ϩ ,K ϩ )/H ϩ exchanger NHE7 (SLC9A7) was highly upregulated during chronic acidosis; the latter localizes predominantly to the trans-Golgi network (34) , and it has been suggested to play a pivotal role in the control of organellar ion homeostasis, of which the molecular mechanisms are still largely unknown (29) .
Moreover, we found three small clusters of genes (clusters 4 -6) with the following characteristics: cluster 4 contains 226 genes, which include the aspartate/glutamate transporter Slc1a6, the sodium/glucose cotransporter (Slc5a11), the sodium bicarbonate cotransporter Slc4a9, the gulonolactone oxidase (Gulo), and a member of the organic anion transporters (Slc22a19) (Supplementary Table S8 ). These genes showed a gradual decrease in expression levels during metabolic acidosis. Cluster 5 consists of 442 genes that are transiently repressed after 2 days of acidosis but returned to control levels Table S9 ). This cluster was characterized by genes encoding carbonic anhydrase 4 (Car4) as well as proteins involved in regulation of cell growth such as Fas apoptotic molecule 3 (Faim3), growth arrest specific 2 (Gas2), growth differentiation factor 3 (Gdf3), cytoskeletonassociated protein 2 (Ckap2), nibrin (Nbn), insulin-like growth factor binding protein 4 (Igfbp4), and angiopoietin-like gene (Angptl4). Many members of the SLC family were also represented in this cluster: sodium/glucose cotransporter Slc5a12, the facilitated glucose transporter Slc2a2, the cation transporters (Slc7a2, Slc7a9, Slc22a5), monocarboxylic transporters (Slc16a10, Slc16a2), the acetyl-CoA transporter Slc33a1, and many others (Slc1a6, Slc5a1, Slc2a2, Slc34a3, Slc7a7). Finally, cluster 6 included 185 genes with increased expression levels in 7 days-treated mice but decreased expression in 2 days-treated mice (Supplementary Table S10 ). These gene transcripts include the amiloride-sensitive cation channel Accn1, the potassium channel Kcnk4, the glucose 6-phosphatase (G6pc), and an uncharacterized carbohydrate kinase. In addition, many genes encoding gene products of unknown function are also present in this cluster. Further characterization of these orphan genes may provide novel insights into the mechanisms of adaptation to metabolic acidosis. Taken together, our findings highlight and confirm the pivotal role of ammoniagenesis, ATP synthesis, and sodium reabsorption as major players during acute and chronic metabolic acidosis. Furthermore, they address the potential adaptive mechanisms during chronic metabolic acidosis, which may be represented by complex signaling networks involving the finetuning of cytoskeleton organization, cell proliferation, cell differentiation, and apoptotic responses. Further investigations are needed to characterize not only the metabolic pathways directing these cellular modifications during chronic acidosis, but also the large number of differentially regulated genes, of which the structure and the function are still unknown.
Validation of candidate genes by quantitative real-time PCR.
Candidate genes emerging from the microarray analysis were validated by qRT-PCR in a separate group of mice treated identically as the mice used above. Fifteen differently regulated genes were selected for further validation, including SNAT3 (Slc38a3/SN1), phospho-enol-pyruvate-carboxy kinase (PEPCK), aquaporin-2 (AQP2), aquaporin-3 (AQP3), vasopressin 2 receptor (Avrp2), carbonic anhydrase 2 (Car2), phosphate-dependent glutaminase (PDG), the sodium-dependent phosphate cotransporter NaPiIIa (Slc34a1), the sodiumdependent phosphate cotransporter NaPiIIc (Slc34a3), the monocarboxylate transporters MCT8 (Slc16a2) and MCT2 (Slc16a7), the sodium-dependent bicarbonate transporter NBCn1 (Slc4a7), the Cl Ϫ /HCO 3 Ϫ exchanger pendrin (Slc26a4), malate dehydrogenase 2 (Mdh2), and fructose bisphosphatase 2 (Fbp2). These genes represented transcripts, which showed positive or negative regulation over a wide range. All genes, except Mdh2, showed the predicted changes in expression level (Fig. 2) , similar in fold change to microarray data (slope of line 0.89, R 2 ϭ 0.73 for 2 days acidosis vs. control, slope of 0.97, R 2 ϭ 0.94 for 7 days acidosis vs. control, respectively). Thus, the regulation of all but one selected genes could be confirmed by qRT-PCR using a separate group of animals. This demonstrates a remarkably high degree of reproducibility and sensitivity of the gene expression profiles obtained by microarray analysis.
Validation of candidate genes by Western blotting.
It has been previously demonstrated that changes in mRNA expression levels do not necessarily translate into changes in the corresponding protein levels (21) . Therefore, we investigated whether the mRNA levels as determined by microarray analysis and validated by qRT-PCR correlate with changes in protein levels assessed by Western blotting.
Crude membrane fractions prepared from total kidney of control and acidotic animals were used to test the expression levels of the glycosylated and nonglycosylated forms of the aquaporin 2 water channel, the Cl Ϫ /HCO 3 Ϫ exchanger pendrin, and the glutamine transporter SNAT3 (Fig. 3) . The protein levels of SNAT3 (Slc38a3) were significantly increased after 2 and 7 days of NH 4 Cl treatment (268.7 Ϯ 17.9%, 257.6 Ϯ 32.9%, respectively), that was in good agreement with the strong increase found at the mRNA level (3.8, 3.9-fold by microarray; 5.4, 3.9-fold by qRT-PCR). Similarly, the expression levels of the glycosylated (224.1 Ϯ 20.7%, 323.2 Ϯ 34.7%) and nonglycosylated (218.4 Ϯ 15%, 275.9 Ϯ 29.6%) AQP2 were significantly increased in acidotic animals (3.2, 1.7-fold by microarray; 2.2, 1.8-fold by qRT-PCR). Downregulation of mRNA levels of Cl Ϫ /HCO 3 Ϫ exchanger pendrin observed in microarray experiments in the kidneys of 2 and 7 days treated animals (0.73-and 0.58-fold, respectively) and further confirmed by qRT-PCR (0.51-and 0.42-fold, respectively) was in agreement with decreased abundance of the protein (84.0 Ϯ 6.0% and 67.8 Ϯ 5.8%, respectively). Thus, regulation of transcripts by acidosis could be confirmed for at least some selected genes suggesting that the transcriptional changes observed may translate into altered protein expression and may eventually alter functional properties of cells and nephron segments.
Spatial regulation of genes: qRT-PCR of dissected nephron segments. Microarray analysis and consecutive real-time PCR had been performed on the total kidney, which may mask even stronger changes in transcript levels, if occurring only in a subpopulation of cells along the nephron. Pathway analysis of regulated transcripts suggested a strong representation of genes involved in ammoniagenesis, the Krebs cycle, and gluconeogensis, processes known to be highly active in the proximal tubule (Fig. 4) . Additionally we found a large number of genes involved in arginine metabolism that were downregulated in acidotic mice (Fig. 5) . Renal arginine synthesis and metabolism take place in the proximal tubule (7). Therefore, we analyzed dissected early (S1/S2 convoluted) and late (S3 straight) proximal tubule segments from control mice and animals acid-loaded for 2 days (n ϭ 3-6 animals for each group). Total RNA was extracted and used to assess abundance of several transcripts by qRT-PCR. Analysis was performed for PEPCK, SNAT3 (Slc38a3), PDG, Mdh2, and Fbp2, genes involved in ammoniagenesis, the Krebs cycle, and gluconeogenesis, and for ORNT1 (Slc25a15), y ϩ -LAT-1, and Gatm, which are genes important in arginine metabolism (Figs. 6 and 7) . Under control conditions, we observed similar expression of PEPCK in early and late parts of the proximal tubule that was highly elevated in acidotic mice (10-fold in early, 3.6-fold in late proximal tubule). The glutamine transporter SNAT3 (Slc38a3) was in very low abundance in the early proximal tubule compared with the late segment in control mice; however, in acidotic animals mRNA expression was increased to a similar level in both proximal tubule segments. Under control condi- tions expression of PDG was similar in both, early and late proximal tubules, and was further increased 3.1-fold in the S1/S2 segment and 1.9-fold in the S3 segment from acidloaded animals. In contrast, in control animals Fbp2 was 3.5-fold higher expressed in the early proximal tubule; however, in acidotic animals its expression was reduced to a similar extent. We did not observe any changes in Mdh2 expression, which was in agreement with qRT-PCR data from the total kidney but in contrast to the data from microarray analysis.
We also tested genes involved in proximal tubule arginine metabolism and transport and found that under control conditions expression of all analyzed transcripts (ORNT1, y ϩ - Fig. 3 . Metabolic acidosis affects protein expression levels. Expression of selected proteins in total kidney membrane fractions after 2 and 7 days acid loading. A: abundance of glycosylated and nonglycosylated variants of aquaporin 2 water channel (AQP2), the chloride/anion exchanger pendrin (SLC26A4), and the glutamine transporter SNAT3 (SLC38A3). The immunoblots were stripped and reprobed for all proteins and ␤-actin to control for equal loading. B: bar graphs summarizing data from immunoblotting. All data were normalized against actin. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. Fig. 4 . The kidney ammoniagenesis pathway. Glutamine (Gln) is transported across the basolateral plasma membrane via the Na ϩ /glutamine transporter SNAT3 (Slc38a3) and then taken up into mitochondria via a yet unknown carrier. In mitochondria, Gln is converted to glutamate (Glu) by the phosphate-dependent glutaminase (PDG) and then to ␣-ketoglutarate (␣-KG) by action of the glutamine dehydrogenase (Glud1) to fuel into the TCA (Krebs) cycle. These 2 reactions result in production of 2 NH4 ϩ molecules that are secreted into the luminal fluid through a mechanism involving transport via the apical Na ϩ /H ϩ exchanger NHE3. Eventually, glucose is produced by the cytosolic phosphoenolpyruvate carboxykinase (PEPCK). Green rectangles denote transporters and enzymes upregulated, red downregulated, yellow not regulated on microarrays. The white rectangle denotes a putative glutamine transporter not identified yet on a molecular basis. Other abbreviations used: ACO2, aconitase 2; Cit, citrate; CS, citrate synthase; Fbp2, fructose bisphosphatase 2; Fum, fumarate; Glul, glutamine synthase; Glut2 (Slc2a2), glucose transporter; GPI, glucose phosphate isomerase; G6pc, glucose-6-phosphatase; Isocit, isocitrate; Mal, malate; MDH1/2, malate dehydrogenase 1/2; NaDC1 (Slc13a2), Na ϩ / dicarboxylate cotransporter, NaDC3 (Slc13a3), Na ϩ / dicarboxylate cotransporter; OAA, oxoloacetate; PEP, phosphoenolpyruvate; Succ, succinate. LAT1, and Gatm) was higher in the proximal convoluted tubule than proximal straight tubule. Furthermore, acid load decreased expression of these genes only in the early segment.
Thus, analysis of two consecutive segments of the proximal tubule from control and acidotic animals demonstrated a spatial arrangement of transcript expression levels and that acidosis differently affected transcript levels of the same genes in adjacent segments. In the case of SNAT3, similar results had been obtained recently by immunohistochemistry in kidneys from control and acidotic animals (32) .
DISCUSSION
The renal adaptation to metabolic acidosis involves the regulation of various enzymes and transport proteins. Despite the identification of proteins and mechanisms regulated during metabolic acidosis, the processes involved in the adaptation of the kidney remain only partially understood. Here we used a microarray-based genome-wide gene expression profiling approach to characterize transcriptional changes in total kidney during metabolic acidosis. Fig. 5 . The arginine metabolism pathway in proximal tubules. L-arginine is synthesized from L-citrulline via action of argininosuccinate synthetase (ASS1) and argininosuccinate lyase (ASL). Arginine may be also converted by the enzyme glycine amidinotransferase (Gatm) to guanidinoacetate or by argininodecarboxylase (ADC) to agmatine. Agmatine is then converted to putrescine by an agmatinase (Agmat). Arginine may be also metabolized to 2-oxo-5-guanidinopentanoate by D-amino acid oxidase 1 (Dao1). In addition, arginine is also a precursor of nitric oxide (NO) while converted back to citrulline via action of nitric oxide synthase (eNOS). The bulk of reabsorbed and newly synthesized arginine is, however, transported out of the proximal tubule cell via the basolateral system y ϩ L amino acid transporter y ϩ -LAT1 (Slc7a7) and is metabolized in other organs. Other abbreviations used: B 0 Na ϩ -dependent neutral amino acid transporter; ORNT1 (Slc25a15), mitochondrial ornithine (citrulline transporter); OTC, ornithine carbamoyltransferase; TAT1 (Slc16a10), monocarboxylic acid transporter. Green rectangles denote transporters and enzymes upregulated, red downregulated, yellow not regulated on microarrays. White rectangle denotes not identified transporters. Fig. 6 . Spatial expression and regulation of genes in the proximal tubule. Expression of mRNA for PEPCK, SNAT3, phosphate-dependent glutaminase (PDG), malate dehydrogenase 2 (Mdh2), and fructose bisphosphatase 2 (Fbp2) in microdissected early (S1/S2) or late (S3) segments of the proximal tubules from control and 2 days acidotic mice. HPRT, hypoxanthine guanine phosphoribosyl transferase. Data are given as means Ϯ SE; n ϭ 3-6. *P Ͻ 0.05, **P Ͻ 0.01.
Analysis of microarrays revealed that nearly one-third of all genes present on the chip could be detected in kidney tissue at significant levels. This number is considerably higher than previous reports on total kidney using microarrays that covered the mouse genome only partly (40, 47) or using microdissected nephron segments analyzed by SAGE (11, 50) . However, these reports did not include all kidney structures into their analyses, which may explain this discrepancy (44) .
The relative expression of Ͼ4,000 genes was affected by acid loading for 2 or 7 days, representing almost one third of all expressed genes. Interestingly, cluster analysis detected a clear time course of changes with the majority of transcripts regulated only after 2 days treatment and only a smaller number responded to 7 days acid loading. This temporal change in gene expression was paralleled by the return of systemic acid-base parameters toward control values. It remains to be examined whether this apparent normalization of acid-base status and transcript levels is mediated by posttranscriptional changes, i.e., protein expression levels or posttranslational protein modifications. Quantitative real-time RT-PCR of 15 differentially regulated candidate transcripts validated the microarray findings. Correlation between microarray and qRT-PCR data was remarkably high, confirming the accuracy and reliability of the microarray technology used here. Moreover, protein abundance of AQP2, pendrin, and SNAT3 was in agreement with microarray and qRT-PCR findings. Many of the genes known to be regulated in response to acid loading (e.g., Slc38a3, PEPCK, Slc13a2) could be detected in our lists of regulated genes providing an additional and independent confirmation (Table 6 ). We further compared our data with a list of proteins detected by proteome analysis of rat proximal tubule during metabolic acidosis (15) . Curthoys et al. (15) identified 21 proteins to be upregulated during acidosis of which 10 were also significantly upregulated on mRNA level in our set of data [i.e., transketolase, dimethyl glycine dehydrogenase, phosphoenolpyruvate carboxykinase, glutamate dehydrogenase, and glutathione S-transferases (Pi-class and Mu-1, selenium binding protein, glutaminase)]. Nine mRNAs were not regulated, and two RNAs (phenylalanine-4-hydroxylase, acetoacetyl-CoA thiolase) were downregulated as determined by microarray analysis. Similarly, out of the 16 proteins decreased in acidotic rat proximal tubule, we confirmed three candidates on mRNA level (argininosuccinate synthetase, transglutaminase, Arg-Gly amidinotransferase), one was found to be upregulated (enolase), the other mRNAs were not identified or found to be not regulated. This high degree of similarity between proteome and microarray data may encourage further efforts to decipher the renal response to acidosis on mRNA and protein levels. Fig. 7 . Spatial expression and regulation of genes involved in arginine synthesis and metabolism in the proximal tubule. Expression of mRNA coding for glycine amidinotransferase (Gatm), the arginine efflux system y ϩ L amino acid transporter y ϩ -LAT1 (Slc7a7), and the ornithine transporter (Slc25a15) in microdissected early (S1/S2) or late (S3) segments of the proximal tubules from control and 2 days acidotic mice. Data are given as means Ϯ SE; n ϭ 3-6 animals. *P Ͻ 0.05, **P Ͻ 0.01. List of genes reported previously by others to be regulated by metabolic acidosis and also detected here by microarray analysis. For each gene, the symbol, name, fold change after 2 and/or 7 days acidosis as detected by microarray analysis, references, and GenBank Reference Sequence are given.
Pathway analysis revealed that regulated genes represent a large variety of GO categories and KEGG pathways, suggesting that the kidney is strongly affected as a whole and responds at many different levels. Analysis of statistically significant transcripts revealed that expression of 97 genes coding different solute carrier transporters was affected by acid loading. Mitochondrial carriers (Slc25) and monocarboxylic acid transporters (Slc16) were the most represented. Membrane transporters are important in maintaining cellular homeostasis and mediate the reabsorptive and excretory processes along the nephron. Thus, regulation of such a large number of solute carriers is not unexpected. However, the most represented pathway in both analyses was oxidative phosphorylation. The apparent overrepresentation of oxidative phosphorylation together with regulation of mitochondrial transporters may indicate the requirement of kidney cells for energy substrates such as ATP to adapt to acid-loading. Transport pathways involved in acid excretion or bicarbonate reclamation such as H ϩ -ATPases, Na ϩ /HCO 3 Ϫ cotransporter or Na ϩ /H ϩ -exchangers, and Na ϩ /K ϩ -ATPase are driven directly by ATP hydrolysis or depend on the sodium gradient and membrane potential generated by ATP-dependent processes. Along the same line, we detected 13 genes of the mitochondrial transporter family (Slc25) to be regulated by metabolic acidosis. Interestingly, the mitochondrial phosphate carrier (Slc25a25) was one of the genes with the highest elevation of expression during metabolic acidosis. These transporters participate in the import of substrates and release of metabolites from mitochondria (35) . Also, expression of genes that belong to metabolism of amino acids, lipids, and carbohydrates was affected by metabolic acidosis.
Increased ammoniagenesis is a major process contributing to the renal response to metabolic acidosis (14) . Ammonia is synthesized mainly in the proximal tubule from glutamine taken up from blood possibly by the Na ϩ -dependent amino acid transporter SNAT3 (Slc38a3). During metabolic acidosis SNAT3 is upregulated on mRNA and protein levels, and its expression spreads from the late proximal tubule to the early proximal tubule (27, 32, 43) . In our experiments, the expression of SNAT3 was strongly elevated after 2 and 7 days of acid loading, which was confirmed by qRT-PCR and Western blotting. We also observed upregulation of many additional genes involved in renal ammoniagenesis namely the phosphate-dependent glutaminase (PDG), glutamate dehydrogenase (Glud1), mitochondrial malate transporter (Slc25a10), malate dehydrogenase 1 (Mdh1), and phospho-enolpyruvate carboxykinase (PEPCK), combined with downregulation of glutamine synthetase (Glul) (Supplementary Tables S2 and S3 , Fig. 5 ). Effects of metabolic acidosis on expression of PDG, Glud1, PEPCK, and Glul were previously reported in other studies (Table 6) ; however, our data expand the list of genes considerably and suggest a concerted regulation of the whole pathway. Activation of ammoniagenesis was concomitant with increased expression of TCA cycle enzymes: ␣-ketoglutarate dehydrogenase (␣KGD), malate dehydrogenase 2 (MDH2), citrate synthase (CS), and aconitase 2 (Aco2). The enhanced efflux of malate from mitochondria during acidosis has been described previously (33) . However, in contrast to our data it has been reported that flux through citrate synthase is reduced. The apparent activation of the TCA observed here is in agreement with upregulation of the sodium-dependent citrate transporters NaDC1 (Slc13a2) (4) and NaDC3 (Slc13a3), NaDC1 and NaDC3 transport succinate, citrate and ␣-ketoglutarate, TCA cycle intermediates, and it has been suggested that NaDC1 regulation may provide more substrate for bicarbonate production.
Previous studies linked metabolic acidosis to increased renal gluconeogenesis (18, 39) . Others have found no evidence for increased glucose release from kidney during acidosis (20) . Our data indicate that gluconeogenesis may be reduced given that the key enzymes of glucose synthesis, glucose 6-phosphatase and fructose bisphosphatase, were severely downregulated (Fig. 5, Supplementary Table S2 ). It remains to be clarified if these apparent discrepancies are due to the different animal species used. Moreover, our data reflect only changes on the transcriptional level but not on the level of enzyme activity.
Both ammoniagenesis and gluconeogenesis take place in proximal tubule cells (14) . Since the proximal tubule can be subdivided into at least two distinct subsegments, the early or convoluted tubule (S1/S2 segment) and the late or straight proximal tubule (S3 segment), we asked whether there is a differential transcriptional response to acidosis. Interestingly, qRT-PCR of S1/S2 and S3 segments demonstrated both spatial and temporal patterns of gene expression and regulation. Under control conditions, components of the gluconeogenic pathway were mostly found in the early proximal tubule, where downregulation during metabolic acidosis was more pronounced. In contrast, key transporters and enzymes of ammoniagenesis were mostly localized to the late proximal tubule and were strongly upregulated both in the early and late proximal tubule during metabolic acidosis. The very low mRNA expression of SNAT3 in the early proximal tubule is in agreement with the low abundance of the protein in this part of the nephron as detected by immunohistochemistry (32) . Adaptation to metabolic acidosis involves also nephron remodeling increasing the number of acid-secretory type A intercalated cells and leading to hypertrophy of various cell types along the nephron (2, 30, 31, 49) . In the present study we observed a large number of transcripts (both up-and downregulated) that are involved in cell death/apoptosis, growth, and differentiation. Therefore, it may be possible that the increased number of type A intercalated cells during chronic acidosis may involve proliferation combined with apoptotic removal of type B intercalated cells. We also observed upregulation of several genes involved in renal water handling, among them the water channels AQP1, AQP2, AQP3, AQP4, the urea transporter UT-A1, and the vasopression receptor V2R. Regulation of AQP2 during NH 4 Cl-loading has been previously reported (3) . Acidotic mice, however, consumed ϳ20% less water than control animals (data not shown). Thus, we cannot exclude that the addition of NH 4 Cl to drinking water induced also a mild dehydration that may contribute to the regulation observed. Water homeostasis in metabolic acidosis deserves further investigation as deranged water homeostasis has also been observed in inborn or acquired syndromes of renal tubular acidosis (8, 38, 46) . In summary, in our study Ͼ4,000 transcripts were significantly (P Ͻ 0.05) regulated during metabolic acidosis, which was ϳ40% of all genes expressed in the kidney. Major pathways regulated affect energy homeostasis, acid excretion, water and electrolyte balance, as well as pathways involved in apoptosis and cell proliferation. The latter may contribute to the remodeling of the kidney. Our data provide a genome-wide view on the complex regulatory and adaptive processes during metabolic acidosis and will allow elucidating the exact role of regulated pathways.
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